It is well established that ongoing cognitive functions affect the trajectories of limb movements mediated by corticospinal circuits, suggesting an interaction between cognition and motor action. Although there are also many demonstrations that decision formation is reflected in the ongoing neural activity in oculomotor brain circuits, it is not known whether the decision-related activity in those oculomotor structures interacts with eye movements that are decision irrelevant. Here we tested for an interaction between decisions and instructed saccades unrelated to the perceptual decision. Observers performed a direction-discrimination decisionmaking task, but made decision-irrelevant saccades before registering their motion decision with a button press. Probing the oculomotor circuits with these decision-irrelevant saccades during decision making revealed that saccade reaction times and peak velocities were influenced in proportion to motion strength, and depended on the directional congruence between decisions about visual motion and decision-irrelevant saccades. These interactions disappeared when observers passively viewed the motion stimulus but still made the same instructed saccades, and when manual reaction times were measured instead of saccade reaction times, confirming that these interactions result from decision formation as opposed to visual stimulation, and are specific to the oculomotor system. Our results demonstrate that oculomotor function can be affected by decision formation, even when decisions are communicated without eye movements, and that this interaction has a directionally specific component. These results not only imply a continuous and interactive mixture of motor and decision signals in oculomotor structures, but also suggest nonmotor recruitment of oculomotor machinery in decision making.
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visual motion | eye movement | decision making P erception, cognition, and action are often modeled as discrete, serial stages of processing (1, 2) . In the context of a simple perceptual decision-making task, it is conventional to assume that motor output is generated only after a decision regarding the sensory information is complete. However, a growing body of literature suggests a more interactive model, in which actions are continuously affected by ongoing cognitive processing (3, 4) . In a variety of reaching tasks, limb trajectories have been shown to be modulated by attention (5) , language processing (6), and numeric representation (7) . And during a well-studied motion-direction discrimination task (8) , the reflex gain in limb muscles during decision making was modulated by the accumulated evidence of motion direction (9) .
It is not known, however, whether cognitive signals similarly affect oculomotor functions. There are many reasons why such interactions might not be present or may not have been detected. In principle, limb movements are relatively slow and more continuous, and so online correction may be more appropriate than for fast and ballistic saccadic eye movements. In practice, it might have been difficult to assess how decision formation affects oculomotor output, because in previous perceptual decision-making studies, the oculomotor output is typically consistent with the sensory stimuli and the corresponding decisions (e.g., making a rightward saccade after viewing rightward motion).
Given the ample electrophysiological evidence in nonhuman primates showing decision-making-related neural responses in oculomotor brain areas, such as the lateral intraparietal area (10-13), the superior colliculus (14) , and the frontal eye fields (15) (16) (17) , and human neuroimaging evidence suggesting decisionrelated neural activity in counterpart brain areas, such as the posterior parietal cortex (18) (19) (20) , we hypothesized that such decision-related activity in oculomotor structures might affect eye movements themselves. To test this hypothesis, we devised a dual-task paradigm in which instructed saccadic eye movements had to be made, but were independent of a concurrent perceptual decision-making task. Our dual-task paradigm is different from previous paradigms that assessed how saccadic eye movements affect concurrent processes in which observers perform a task during saccades (21) (22) (23) . We reversed the logical order, measuring saccade metrics during an ongoing decision-making task (Fig. 1 ). Observers were required to judge the net direction of a random-dot motion stimulus, and later to press a button indicating the net direction of motion. However, in between the motion stimulus and the decision response, we presented a saccade target in particular locations following the offset of the motion stimulus. Observers had to make a saccade to this decision-irrelevant target. After the saccadic eye movement was made, the decision was reported. We emphasized speeded responses for the saccade to the target location, whereas accuracy was emphasized for the motiondirection judgment.
Results
Interactions Between Decision-Making and Decision-Irrelevant Saccades.
In Exp. 1 we tested for direction-specific interactions between motion strength and saccade generation in the context of a motion-direction discrimination task (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Observers performed decision and saccade tasks in which the axes of visual motion and saccade direction were aligned. On a given trial, after fixation was established, a Significance Studies using limb movements to probe cognitive states have suggested an interactive model of cognition and motor action. Despite ample evidence showing that the neural activity in oculomotor brain circuits is correlated with the formation of decisions about where to move the eyes, it is not known whether there are interactions between such decision-related activity and decision-irrelevant oculomotor processing. By probing the oculomotor system with a decision-irrelevant saccadic eye movement during decision formation, we found that saccade metrics are affected by the strength and direction of motion evidence. Our results suggest that decision signals continuously flow into the oculomotor system during decision making, and further extend the interactive model of cognition and action into the oculomotor system.
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Embargoed until 3PM ET Monday publication week of random-dot motion stimulus of variable coherence (3%, 6%, 12%, 24%, or 48%) and variable duration (100, 200, or 400 ms) was displayed around fixation. After the offset of the motion stimulus, a saccade target was displayed on either the left or right side of the display, displaced 20°horizontally from the fixation point. Observers were instructed to make a saccadic eye movement to the target as quickly as possible. After the saccade, they reported their motion direction judgment by pressing designated keyboard buttons with fingers on their right hand. This arrangement is schematized in Fig. 1 . Motion direction could be either toward the left or right, and the saccade target could appear in either the left or right visual field. In this geometric arrangement, motion direction and saccade direction could be either congruent (i.e., rightward visual motion and a rightward instructed saccade) or incongruent (i.e., rightward visual motion and a leftward instructed saccade). Note that although the axes of visual motion and saccade direction were aligned, making a saccadic eye movement was irrelevant to motion-direction discrimination.
Motion-direction discrimination accuracy varied systematically with motion coherence. This conventional dependency confirms that observers were engaged in the decision task ( Fig. 2A; individual psychometric functions are shown in Fig. S1 ). The psychometric functions were nearly identical between the congruent and incongruent conditions, indicating that congruency between saccade and motion direction did not affect psychophysical performance, even though the saccade took place in between motion viewing and the subsequent decision response. This independence supports the notion that observers treated the saccade task as irrelevant to performance of the direction discrimination task; the intervening saccades did not affect choices in a direction-selective manner. This process allowed us to test whether motion strength or direction affected the reaction time or other oculomotor metrics of the decision-irrelevant saccade.
Indeed, saccade reaction times were affected by the directional congruency of the preceding visual motion. Reaction times were faster in the congruent condition than in the incongruent condition ( Fig. 2B) [main effect of congruency on saccade reaction times, F(1, 4) = 10.11, P = 0.03] (see Table S1 for individual data). Interestingly, the effect of motion coherence on saccade reaction times was different between congruent and incongruent conditions [interaction between congruency and coherence, F(4, 16) = 6.28, P = 0.003]. In the congruent condition, reaction times decreased as coherence increased [F(4, 16) = 7.24, P = 0.002], whereas in the incongruent condition this was not the case [F(4, 16) = 0.05, P = 0.99]. Thus, decision-irrelevant saccade reaction times were modulated by motion coherence, suggesting an interaction between decision making and the initiation of saccades, and this interaction occurred Fig. 1 . Procedure. On a given trial, random-dot motion stimuli were displayed after observers fixated stably for 1 s. At motion offset, a saccade target appeared to either the left or right side of the visual field. Observers made a saccadic eye movement to the target as quickly as possible. After the saccade, they were instructed to report the motion direction with a button press. The contrast polarity of dots and the background in the figure is reversed for illustrative purpose only. The dashed lines depicting the aperture were not shown in the experiments. An example trial from Exp. 1 is shown here. 
Embargoed until 3PM ET Monday publication week of only when motion was directionally congruent with the saccade. Motion viewing duration also affected saccade reaction times [F(2, 8) = 114.53, P < 0.0001], but the range of viewing durations we used did not strongly affect psychophysical performance in the motion-direction discrimination task (Fig. S2) . Thus, it is likely that the effect of viewing duration on saccade reaction times is a distinct consequence of simple response readiness (24, 25) and not of decision formation, in which longer viewing durations increased subject readiness, resulting in shorter reaction times.
Saccade peak velocities were also influenced differentially by the congruency of the visual motion. We tested whether this linear dependency between motion coherence and saccade peak velocity was simply predictable by the saccadic "main sequence" (26) . For example, higher motion coherence might have resulted in larger saccade amplitude and thus higher saccade peak velocity. However, we found that saccade amplitude did not vary with coherence (Fig. S3A ). This finding suggests that our reported modulation of saccade peak velocity cannot be explained as a simple consequence of the main sequence.
Overall, our results suggest that saccade reaction times and saccade peak velocity were modulated by motion strength, and that saccade generation can interact with decision-related signals in direction-specific parts of the oculomotor circuitry.
Saccades Are Affected by Decision Making but Not Motion Viewing.
In Exp. 2 we conducted a single-task experiment in which observers only performed the saccade task. This allowed us to test whether the oculomotor consequences we observed in Exp. 1 were simply a result of viewing visual motion, as opposed to the formation of decisions per se. In this experiment, the stimuli and procedure were identical to the preceding experiment in which the motion direction and the axis of saccadic eye movements were aligned, but now observers were instructed to ignore the motion stimulus that preceded the saccade target appearance, and simply perform the instructed saccades.
Although the visual stimuli in Exp. 2 were identical to those in Exp. 1, motion coherence no longer modulated saccade reaction times, in either the directionally congruent or incongruent conditions (Fig. 2D) [congruent condition, F(4, 16) = 1.06, P = 0.40; incongruent condition, F(4, 16) = 0.89, P = 0.49, respectively] (see Table S2 for individual data). Congruency itself had only subtle effects on saccade reaction times that were not statistically significant [F(1, 4) = 5.80, P = 0.07]. Only motion viewing duration significantly affected reaction time [F(2, 8) = 54.67, P < 0.0001], supporting our interpretation that the effects of motion viewing duration seen in the first experiment are more likely to indicate general response readiness compared with motion evidence (as there was no decision component in this experiment). Saccade peak velocity was not affected by congruency either (Fig. 2D) [F(1, 4) = 0.02, P = 0.89]. Finally, there was no longer a clear relationship between saccade peak velocity and coherence [congruent condition, F(4, 16) = 3.74, P = 0.07; incongruent condition, F(4, 16) = 2.94, P = 0.05].
To compare the results from this passive-viewing experiment (Exp. 2) to the results of the active decision-making experiment (Exp. 1), we collapsed the data over duration for each condition and plotted the difference between the congruent and the incongruent conditions as a function of motion coherence (Fig. 3) . The difference in saccade reaction time between these conditions increased systematically with coherence for the decision-making task, but remained close to zero for the passive viewing task. At the very highest motion coherence, there was a slight increase when passively viewing the motion stimulus (mean ± SEM; 7.19 ± 2 ms), but this increase is smaller than that of the active decision-making experiment (21.59 ± 7 ms). We suspect that this small effect might be because some of our observers failed to completely ignore the motion stimuli, given that four of five observers conducted the active decision-making experiment before conducting the passive-viewing control experiment. Taken together, these results suggest that the relationship between decision difficulty and saccade metrics-linear decreases in saccade reaction times, and linear increases in saccade peak velocity, as a function of coherence-cannot be explained by sensory signals alone.
Decision Making but Not Spatial Attention Modulates DecisionIrrelevant Saccades. Although the preceding experiments lend support for the notion of decision making modulating the oculomotor system, we sought to isolate purely decisional factors from other processes that likely co-occur with decision making. It is possible that the observed modulation in saccade metrics is a function of attentional allocation in concert with the direction of motion. For example, strong rightward motion could serve as an attentional cue to the right, resulting in a facilitation of rightward saccade reaction time and velocity (27) .
In Exp. 3 we tested whether the modulation of saccade metrics in prior experiments could be caused by stimulus-driven spatial attention: specifically, a shift of attention to a target location congruent with the direction of discriminated motion. In this experiment, the axis of visual motion for direction discrimination was now perpendicular to the axis of potential saccade target locations (i.e., up versus down visual motion, and left or right saccade targets). In this geometric configuration, a direction-specific shift in spatial attention would be either above or below the motion aperture, both spatially unrelated to the left/right saccade. If an attentional shift accounts for the results of Exp. 1, then we would not expect to observe a modulation of saccade metrics here.
As in Exp. 1, direction-discrimination accuracy varied systematically with motion coherence (individual psychometric functions are shown in Fig. S4 ). Because there was no explicit mapping between motion direction (up/down) and the saccade target location (left/ 
Embargoed until 3PM ET Monday publication week of right), the saccadic eye movements should not be affected by the motion direction, but could still be affected by the nondirectional magnitude of the motion coherence. Consistent with this, motion direction did not exert a reliable effect on saccade reaction times [F(1,4) = 2.27, P = 0.21]. Thus, we collapsed the data over motion direction for further analyses.
Saccade reaction times to the decision-irrelevant saccade target were systematically affected by motion coherence ( Fig. 4A ; see Table  S3 for individual data). Saccade reaction times were slower while making a decision based on weaker motion evidence, and quickened progressively with increased motion coherence [F(4, 16) = 7.12, P = 0.002]. A roughly linear inverse dependency between motion coherence and saccade reaction times was evident. The reaction time modulation by motion coherence was largest for the longer viewing durations (for 200 ms, slope = −0.61, r = 0.97, P = 0.001; for 400 ms, slope = −0.63, r = 0.99, P = 0.0001), and was weak if present at all in the shortest duration (for 100 ms, slope = −0.10, r = 0.73, P = 0.14), confirmed by an interaction between motion viewing duration and coherence [F(8, 32) = 3.78, P = 0.003].
Motion viewing duration also affected saccade reaction times (Fig. 4A) [F(2, 8) = 61.32, P < 0.0001], likely because general response readiness increased as motion viewing duration increased (24, 25) . Saccade peak velocity was also linearly dependent on motion coherence. Peak velocity increased progressively as the coherence increased (Fig. 4B) To summarize Exp. 3, saccade reaction times and peak velocities were modulated by motion coherence even in the absence of a geometrical mapping between saccade and motion direction. This finding argues against an attentional shift in congruence with motion direction, and instead supports the idea that the difficulty of the decision governs interactions between decisions and saccades.
Dual-Task Interference Because of Decision Making Is OculomotorSpecific. It is also logically possible that the results of Exp. 1 depend on task difficulty, but not a specific interaction between decision-making signals and oculomotor circuits, as a result of general dual-task interference (28) . To test whether our results are more precisely specific to decisions interacting with oculomotor functions, we conducted Exp. 4, in which we changed the mappings between decisions and motor responses, under otherwise identical experimental settings to Exp. 3.
If our results were caused by general dual-task interference, the modality of the response to the decision-irrelevant target (i.e., an eye movement or a button press) should not matter, because general dual-task interference, by definition, should affect all effectors equally. Thus, the procedure of Exp. 4 was identical to Exp. 3, but instead of a saccade to a decision-irrelevant target, subjects were instructed to report the location of the decision-irrelevant target with a speeded button press. To maximize statistical power, we used only the two longer motion durations (200 and 400 ms) for which the modulation of saccade reaction times was most pronounced.
Inconsistent with the predictions of general dual-task interference, we found no modulation of manual reaction times as a function of motion coherence (Fig. 4C) [F(4, 16) = 1.14, P = 0.37] (see Table S4 for individual data). Motion-viewing duration affected manual reaction times [F(1, 4) = 18.164, P = 0.01], consistent with our previous experiments that suggested duration separately affected general task readiness. Performance on the motion-direction discrimination task was nearly identical to the one in Exp. 3 (Fig. S5) , confirming that the different results in the manual reaction-time task were not a result of different psychophysical performance levels between experiments. To summarize Exp. 4, manual reaction times were not affected by motion coherence when the location of the decision-irrelevant target was reported with a button press, arguing against general dual-task interference, and in addition, add further support to the notion that our main finding is specific to the oculomotor system.
Overall, our results demonstrate that performing a challenging perceptual decision task results in significant modulations of oculomotor performance. The observed changes in saccade reaction times and peak velocities point to interactions within the oculomotor circuit, in which activity related to accumulating evidence during a perceptual decision making and activity related to generation of decision-irrelevant saccades are not kept completely separate.
Discussion
We tested whether visually guided, instructed saccades to a single target were influenced by the formation of perceptual decisions known to elicit decision-related activity in the oculomotor brain structures of primates. We found that saccadic eye movements to a decision-irrelevant target were systematically modulated by the motion strength that informed perceptual decisions about visual motion direction. This pattern of results suggests that decisionmaking processes interact with saccadic eye movements: specifically, saccade reaction times and peak velocities were slower given difficult motion judgments (i.e., decisions driven by weaker sensory evidence). We also found that the spatial congruency between motion direction and saccade direction mattered: motion strength did not affect saccadic eye movements when the decision-irrelevant saccades were opposite the direction of the motion decision. 
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The results reported here are most consistent with an explanation based on an active decision-making process. Passively viewing the motion stimulus did not result in the same effects on saccades (Exp. 2). We also observed changes in saccade reaction times and velocities when motion and saccade directions were uncoupled (Exp. 3), ruling out a directional form of spatial attention as a possible explanation of our results. Additionally, when manual reaction times were measured instead of saccade reaction times (Exp. 4), reaction times were no longer modulated as a function of motion coherence, even though all other aspects of experiment remained the same as in Exp. 3. This constellation of results suggests an oculomotor-specific dual-task interference effect, and supports the prospect of oculomotor circuitry being involved in decision making, even when decisions are not communicated with eye movements.
An interesting remaining question is whether attending to the stimuli without making decisions can result in the coherencedependent effect in our paradigm. Attention and decision processes are tightly related, and it is difficult to distinguish whether an effect is caused by one process or the other. For example, even when observers perform an attention-demanding task on moving stimuli, it is difficult to know whether they covertly make decisions on motion direction. In the same vein, we speculate that making covert decisions on motion direction may have caused a very small effect in the highest coherence condition in Exp. 2, where there was no explicit decision component.
Our results show that only when there is a conflict between saccade and motion direction (the incongruent condition in Exp. 1), saccade metrics were not modulated by motion strength. This might be because of the fact that saccades in the incongruent condition involve an unnatural stimulus-response mapping. In fact, during visual inspection of raw eye-position traces, we found that in a small portion of trials in the incongruent condition (which were removed from the main analyses), observers initiated saccades toward the location congruent with motion direction (opposite to the target location) and then corrected their gaze toward to the target location. Interestingly, the number of these error trials increased as the motion coherence increased (3, 6, 7, 15 , and 19 trials across observers for 3%, 6%, 12%, 24%, and 48% coherence, respectively). This observation suggests that the higher the motion coherence, the more interference between motion evidence and saccades in the incongruent condition, and thus less of a speed-up as a function of motion strength.
It is known that saccade peak velocities can be influenced not only by the intrinsic value of the saccade target (29, 30) but also by the subjective preference or value of the saccade target (31) . It is possible, therefore, that the saccade target in our experiments might have been associated with a value based on the task difficulty. For example, the saccade target in difficult (low coherence) conditions (where observers made more incorrect responses) might have been associated with low values, resulting in slower saccade reaction times. However, in Exp. 1 there was not only an effect of motion coherence but also a dependency on congruency. In congruent versus incongruent trials, the motion judgment was equally hard (for matched coherences), but the coherence effect was only pronounced in the directionally congruent condition. This argues against interpretations of our results based on the value of targets and simple effects of task difficulty.
Although the majority of behavioral studies addressing cognitive influences on motor output have focused on tasks using arm reaches as the motor response, there has been some evidence suggesting an interaction between decision making and oculomotor output. Microstimulation in the frontal eye field during perceptual decision-making tasks evokes saccadic eye movements that deviate in proportion to motion evidence (e.g., coherence) along the motion direction, suggesting that accumulated evidence is represented in this oculomotor planning structure, or in structures connected to it (16, 17) . Our findings are consistent with this type of decision and premotor multiplexing, and demonstrate that such interactions are tacitly present even without artificial perturbation of brain circuits. Furthermore, saccadic trajectories exhibit systematic deviations in their endpoints when saccadic eye movements are used to report decisions in a motion-direction discrimination task (32) . Our results are not only consistent with such observations of oculomotor output being affected by decisions, but also reveal that eye movements can be affected even when the decisionmaking task does not involve an oculomotor response. This finding suggests that oculomotor circuits may be recruited during decision making, even when they are not tightly tied to premotor or motor function.
A growing body of literature has revealed multiplexing of signals in oculomotor areas. Recent single-cell recordings have documented that neural responses in oculomotor brain areas show heterogeneous selectivity for different sources, such as visual events, decision formation, and saccade execution, often within the same neurons and the same single-trial spike trains. These include the lateral intraperiatal area (11, (33) (34) (35) , frontal eye field (36) , and superior colliculus (14) . Our findings suggest that multiple signals in oculomotor areas can interact with each other, specifically, signals related to decision formation and oculomotor execution. Ultimately, it appears that the read out of oculomotor structures cannot completely distinguish activity driven by decision formation from activity related to the planning of even decision-irrelevant eye movements (37) .
Materials and Methods
Participants. A total of seven observers, including the authors, with normal or corrected-to-normal vision, participated in the experiment voluntarily. Distinct subsets of five observers from this pool participated in each experiment. All experimental sessions were conducted with the written consent of each observer and in accordance with the University of Texas at Austin Institutional Review Board.
Apparatus, Stimuli, and Procedure. Eye position was recorded monocularly with an Eyelink1000 (SR Research) in "remote mode" with a sampling rate of 500 Hz. Stimuli were created using MATLAB (The Mathworks) in conjunction with the Psychophysics Toolbox (38, 39) on a Mac Pro. Stimuli were displayed on a Samsung liquid crystal display TV (1,920 × 1,080 resolution, 60-Hz refresh rate, subtending 80°horizontally). The viewing distance was 60 cm.
We used random-dot motion stimuli (300 dots) that were displayed in a circular aperture (20°in diameter) centered around the fixation mark. Dots were white (78.43 cd/m 2 ), subtended 0.17°, and moved at the speed of 5°/s on a black background (0.23 cd/m 2 ). Each dot was assigned a random lifetime from a uniform distribution between 0 and 150 ms (nine video frames). When a dot's lifetime expired, it was randomly placed within the aperture and assigned the maximum lifetime (150 ms). The central 3°around fixation was blank. Motion coherence was defined as the percentage of dots moving together in the same direction among dots moving in random directions. We used five coherence levels: 3%, 6%, 12%, 24%, and 48%. We also manipulated the viewing duration of motion stimuli (100, 200, or 400 ms).
Each trial started with a fixation mark (red, 15.08 cd/m 2 ) at the center of the display. After establishing stable fixation for 1 s, random-dot motion stimuli were displayed for variable duration. At the offset of the motion stimulus, the fixation mark disappeared and a saccade target (red, 15.08 cd/m 2 ) appeared at a location that was displaced by 20°horizontally (either left or right) from the center of display. Observers made a saccadic eye movement to the saccade target as quickly as possible. After re-establishing stable fixation after the saccade landing for 500 ms, the color of the saccade target changed from red to blue (5.44 cd/m 2 ), prompting observers to report the net direction of the random dot stimulus. Observers used computer keyboard arrow keys to report the motion direction with a finger button-press. The experiment did not proceed until observers reported the motion direction. The intertrial interval was 1 s, and after this interval the fixation mark appeared at the center of the display. Auditory feedback was presented for the motion discrimination task (correct vs. incorrect). A 3°wide square window was used to determine whether stable fixation was established. When observers broke fixation (i.e., their eye position moved outside of this square window), the trial was aborted and discarded.
In Exp. 1, the motion direction (left or right) was aligned with the axis of saccadic eye movements (left or right). Because the motion direction and the
